Background and Aims: Faecal microbiota transplantation [FMT] has shown promise as a treatment for inflammatory bowel disease [IBD]. Using a piglet model, our previous study indicated that exogenous faecal microbiota can increase the expressions of tight junction proteins, mucin and antimicrobial peptide in the intestinal mucosa, suggesting a beneficial effect of FMT on gut barrier and gastrointestinal health. However, specific connections between FMT-induced microbial changes and modulation of the intestinal barrier remain to be fully illustrated. Here, we aimed to determine the potential role of metabolic function of gut microbiota in the beneficial effects of FMT. Methods: The influence of FMT on the maintenance of intestinal homeostasis was assessed by early-life gut microbiota intervention on newborn piglets and subsequent lipopolysaccharide [LPS] challenge. Analysis of the gut microbiome and metabolome was carried out by 16S rRNA gene sequencing and multiple mass spectrometry platforms. Results: FMT modulated the diversity and composition of colonic microbiota and reduced the susceptibility to LPS-induced destruction of epithelial integrity and severe inflammatory response. Metabolomic analysis revealed functional changes of the gut metabolome along with a significant increase of the typical microbiota-derived tryptophan catabolite indole-3-acetic acid in the colonic lumen. In concordance with the metabolome data, metagenomics prediction analysis based on 16S rRNA gene sequencing also demonstrated that FMT modulated the metabolic functions of gut microbiota associated with indole alkaloid biosynthesis, cytochrome P450 and intestinal homeostasis, which coincided with up-regulation of cytokine interleukin-22 and enhanced activation of aryl hydrocarbon receptor in the recipient colon. Conclusions: Our data reveal a regulatory effect of FMT on tryptophan metabolism of gut microbiota in the recipient colon, which may play a potential role in maintenance of the intestinal barrier.
Introduction
Inflammatory bowel disease [IBD] , mainly represented by Crohn's disease [CD] and ulcerative colitis [UC] , is a worldwide problem characterized by a chronic, relapsing inflammatory response and injury to the gastrointestinal tract. 1 Studies based on metagenomic and metabolomic methods have suggested a significant relationship between the pathogenesis of IBD and dysbiosis of intestinal microbiota. 2 Therefore, researchers have focused on exploring efficient therapy for IBD in a microbial manipulation-dependent approach, including the use of probiotics, prebiotics and antibiotics. 3 However, some clinical applications of these therapies have been shown to be inefficient. 4 Faecal microbiota transplantation [FMT] , which refers to the transfer of the entire faecal microbiota from a healthy donor to the recipient, has recently been shown to be an alternative treatment for refractory Clostridium difficile infection and IBD. 5, 6 Although the applications of FMT for various gastrointestinal diseases have gradually become frequent, the mechanisms underlying its therapeutic effect in IBD are not well understood. Using a piglet model, an excellent model system for studying the connection between gut microbiota intervention and intestinal physiological function, 7, 8 our previous study showed that FMT could modulate the intestinal microbial community and improve intestinal barrier function of the recipient piglets, suggesting that the faecal microbiota of the donor might improve gut health, at least partially, by modulating the intestinal barrier of the recipient. 8 The intestinal barrier, which includes the epithelial barrier, mucus layer and immunological barrier in the gastrointestinal tract, represents the largest defence against invasion of microbiota, antigens and toxic substances from the external environment into the body. 9 Evidence from clinical and experimental studies have demonstrated a close relationship between intestinal barrier dysfunction and inflammatory diseases including IBD. 9, 10 The mechanisms by which FMT-induced modulation of the microbial community leads to improvement of the intestinal barrier in the recipient remain to be fully explored and probably depend on changes of metabolic function in the host/microbe ecosystem. The gastrointestinal tract harbours a large quantity of metabolites which are essential for intimate cross-talk between the host and gut microbiome. 11 These metabolites include bioactive molecules endogenously produced or modified by intestinal microbiota [short/long-chain fatty acids, indole derivatives, polysaccharide A, etc.] and play a vital role in maintenance of the gut barrier function and homeostasis of the immune system. 12 Previous studies showed that alteration of the gut microbiota could further influence host physiology and intestinal health by modulating the intestinal metabolome. 13, 14 Herein, we hypothesized that the changes in the gut microbiota induced by FMT alter the metabolic function of this community and this alteration might further help in maintaining intestinal homeostasis by regulating mucosal integrity and immune responses.
In the current study, we investigated the gut metabolome in order to illustrate the association of FMT-induced microbial changes and modulation of intestinal physiological function as well as immune responses. The Jinhua strain is a well-known native pig breed in eastern China and shows a better capacity for gastrointestinal disease resistance and maintenance of the gut barrier than the European Landrace breed after being challenged with Escherichia coli K88. 15 Our previous study indicated that Duroc/Landrace/ Yorkshire crossbred piglets exhibited enhanced intestinal barrier function and innate immunity after the intervention using faecal microbiota from Chinese adult Jinhua pigs. 8 Therefore, Jinhua pigs and Duroc/Landrace/Yorkshire crossbred piglets were also used as faecal donors and recipients respectively according to our previous study [ Figure 1A ]. 8 Moreover, a piglet model challenged with lipopolysaccharide [LPS] was used to investigate the susceptibility to destruction of intestinal epithelial integrity and immunological stress [ Figure 1A ]. 16 Here, we demonstrated that modulation of the gut microbial community by FMT reduced susceptibility to LPS-induced epithelial injury and severe inflammatory responses in the recipient colon. We showed that the regulatory effect of FMT on the epithelial barrier was associated with alteration in tryptophan metabolic processes as revealed by a multi-omics approach. Furthermore, up-regulation of the cytokine interleukin-22 and enhanced activation of aryl hydrocarbon receptor [AhR] in the recipient colon also matched the alteration in tryptophan metabolic function of gut microbiota. Together, our data reveal a regulatory effect of FMT on tryptophan metabolism of gut microbiota in the recipient colon, which may have a potential role in maintenance of the intestinal barrier. This study may provide new insights in helping to understand the potential mechanisms underlying the modulatory effect of FMT during its application for treatment of IBD.
Materials and methods

Preparation of faecal microbiota suspension
Adult Jinhua pigs with no recent history of gastrointestinal diseases or treatment with antimicrobial agents were used as faecal donors in this experiment. Detection of specific pathogens, including virus, Mycoplasma hyopneumoniae and parasites, in donor pigs was used to evaluate the safety of the FMT process and all these tests produced negative results. The faecal suspension was prepared according to a previous study. 7 In brief, a fresh stool sample was immediately diluted 20-fold in sterile 0.1 M sterile phosphate-buffered saline [PBS] containing 10% glycerol, homogenized, transferred to sterile Eppendorf tubes and stored at −80°C.
Experimental design and animal care
This experiment was approved by the Animal Care and Use Committee of Zhejiang University [permit number SYXK 2012-0178] and all experimental procedures were in accordance with the institutional guidelines for animal research. Thirty Duroc/Landrace/ Yorkshire hybrid newborn piglets with similar birth date and parity were used. All piglets were segregated from their mothers immediately after birth, surface-sterilized and randomly allocated into two groups based on genetic background and initial body weight, i.e. a control group [Con, n = 18] and an FMT group [FMT, n = 12]. Piglets in the FMT group were orally inoculated with faecal microbiota suspension, while piglets in the control group were orally inoculated with the same volume of sterile PBS. The dosage of faecal microbiota suspension or sterile PBS was 1.5 mL per piglet once every other day from the first day when all piglets were born to 14 days of age. All piglets were individually housed in pens and fed the same artificial milk substitutes that meet the nutrient and energy recommendations of the National Research Council [NRC, 2012] throughout the process. The two groups were independently kept in two separated nursery barns with elevated room temperature during the experiment to avoid microbial cross-contamination, and all environmental conditions [temperature, humidity, etc.] of the two nursery barns were controlled consistently.
Sample collection
The samples of colonic contents and mucosa were collected when piglets from one set were killed, while one group of piglets from the Con group were intraperitoneally injected with 0.9% NaCl 
FMT (n=12) (2) De ne susceptibility to LPS-induced impairment of epithelial integrity [A] Experimental design used in the study. All piglets were randomly allocated into two groups after birth, i.e. a control group [Con, n = 18] and FMT group [FMT, n = 12]. All piglets in each group were split into two sets on postnatal day 15: one set of piglets [n = 6 per group] were used to define changes of microbiome, metabolome and mucosa in the colon, while the other set of piglets consisted of three groups [Normal group, LPS group and LPS+FMT group, n = 6 per group] to determine susceptibility to LPS-induced impairment of epithelial integrity. Figure 1A ]. The dose of LPS was chosen to cause acute intestinal injury in piglets according to Haynes et al. 16 Four hours after the injection of LPS or saline, piglets were killed to obtain colonic mucosa and colonic tissue. 
Colonic lumen microbiome analysis
Western blot
Relative protein expressions in the colon were determined by western blot according to our previous study. 8 The primary antibodies used in our study include anti-caspase- 
Immunohistochemistry and immunofluorescence
Cell proliferation of the colonic mucosa was analysed by immunohistochemistry with Ki67 antibody and analysis of cell apoptosis was conducted by the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick end labelling [TUNEL] method according to a previous study. 18 Observation of the distribution of tight junction protein ZO-1 and adherens junction protein β-catenin in the colonic tissue was performed by immunofluorescence. In brief, 5- Y and predictive ability parameter Q 2 were obtained after seven-fold cross validation for estimating the quality of the model. Pathway analysis and metabolite set enrichment analysis were performed to obtain the related Kyoto Encyclopedia of Genes and Genomes [KEGG] pathway of each differential metabolite and biomarker metabolic pathways, respectively, for separating the two groups using the web-based tool MetaboAnalyst [http://www.metaboanalyst.ca].
Targeted metabolomic analysis
Quantification of tryptophan metabolism-associated metabolites [tryptophan, indole-3-acetic acid, indole-3-aldehyde, kynurenine, 5-hydroxytryptamine] in the colon contents was performed using the following procedures. Targeted metabolomic analysis was carried out using an Agilent 1290 Infinity series UHPLC System, equipped with a Waters ACQUITY UPLC BEH C18 column or a Waters ACQUITY UPLC BEH amide column. The calibration solution was subjected to UPLC-parallel reaction monitoring [PRM]-MS/MS analysis and a calibration curve was obtained. The least squares method was used for regression analysis. Finally, extracted ion chromatographs [EICs] of the targeted analyte from the standard solution and the samples were obtained and the metabolite concentration in colon content of each sample was determined (nmol/g). 
Statistical analysis
Results
FMT alters diversity and structure of gut microbiota in the colon of recipient piglets
To examine the influence of FMT on the richness and diversity of the gut microbiome, α-diversity indices at five taxonomic levels were calculated [Supplementary Table S2 ]. Chao1, ACE and Simpson indices were significantly higher in the FMT group at the class and order level, while sample richness also had a trend to increase at the phylum and family level [ Figure 1B and Supplementary Table S2 ]. To examine the alteration in the composition of gut microbiota, Anosim analysis was conducted, which indicated a significant difference in the composition of gut microbiota between groups [R = 0.596, p = 0.004] [ Figure 1C ]. The dissimilarity of the colonic microbiome presented by Anosim analysis was also confirmed by the separately clustered gut microbiota of the two groups shown in PCoA scatter plots [ Figure 1D ] and NMDS analysis with three different taxonomic levels [phylum, family and genus] [ Figure 1E ].
The relative abundance of the 20 most abundant phyla across the two groups is shown in Figure 2A . Among these phyla, Ignavibacteriae was found in the FMT group but undetectable in the Con group, suggesting an increase of microbial diversity following FMT [ Figure 2A ] Figure 2B , C and Supplementary Figure S1 ]. Detailed information on the relative abundance of microbial community at the class, order and family level is shown in Supplementary Figure S2 . At the genus level, 39 genera were significantly altered by early-life gut microbiota intervention [ Figure 2B and Supplementary Figure S1 ]. Twenty-one genera predominantly from the phyla Proteobacteria, Actinobacteria and Acidobacteria were increased in the recipient piglets' colon following FMT, while 18 genera predominantly from the phyla Firmicutes and Bacteroidetes were significantly reduced [ Figure 2B and Supplementary Figure S1 ].
To further determine the relationships among different microbes in the two groups, we also performed network analysis of gut microbiota by calculating Spearman's correlation coefficients among all genera. Our results revealed fewer proportion of negative correlations in the microbial community and larger interactions of gut microbiota in the FMT group as indicated by higher coefficients of network analysis, including cluster coefficient [ Figure 2D , E].
Early-life gut microbiota intervention by FMT reduces the susceptibility of piglets to LPS-induced impairment of epithelial integrity and severe inflammatory responses
Digital images and statistical analysis of the H&E-stained sections indicated that FMT significantly diminished the decrease in crypt depth/tissue thickness ratio induced by LPS challenge [ Figure 3A , B]. Moreover, FMT increased the height and quantity of microvilli as well as the distribution of epithelial cell junctions in the colon of LPS-treated piglets [ Figure 3A ]. Regarding epithelial recovery, FMT resisted LPS-induced reduction in epithelial Ki67-positive cells [ Figure 3C , D], while no difference was observed in apoptotic index among groups [ Figure 3C , D]. In addition, we also measured the relative protein expression of epithelial cell apoptosis-associated protein [cleaved caspase-3] and found no significant difference in LPS-challenged piglets, which was consistent with the immunohistochemistry results [ Figure 3E ].
Based on TEM images of the colonic tissue, we further measured the expression of epithelial integrity-associated tight junction proteins [ZO-1 and Occludin] and adherens junction proteins [E-cadherin and β-catenin] by qRT-PCR. Our results showed significantly decreased colonic mRNA expressions of ZO-1 and β-catenin following LPS challenge [ Figure 4A ]. In LPS-treated piglets, early-life gut microbiota intervention increased the relative mRNA expression of adherens junction protein E-cadherin, while no significant difference was observed in ZO-1, Occludin or β-catenin [ Figure 4A ]. To confirm the impact of FMT on the expression of tight junction and adherens junction proteins, we further performed immunofluorescence analysis and the resulting images demonstrated that FMT resisted LPS-induced loss of epithelial cell junctions in the colonic mucosa [ Figure 4B ].
Production of chemokines and cytokines in the gastrointestinal tract can significantly influence the homeostasis and regulation of gut physiological function. 19, 20 Our data revealed that expression of transforming growth factor-β1 [TGF-β1] was significantly increased by Table S3 ]. After validating these 200 metabolites using multiple database resources, 40 were conclusively identified as biomarker metabolites for separating the gut metabolome between the two groups [ Figure 5D ]. These compounds include carbohydrates, fatty acids, dipeptides, bile acid, indole derivatives, etc. [ Figure 5D ].
The gut metabolome of colon contents following FMT was associated with a significant decrease of dipeptides [valyl- Figure 5D ].
To further identify biomarker metabolic pathways between groups, we performed metabolite set enrichment analysis and the results demonstrated that tryptophan metabolism was the most significantly affected metabolic pathway in the recipient colon [p = 0.00845, fold enrichment = 7. the modulatory effect of FMT on tryptophan metabolic function of gut microbiota in the recipient colon.
FMT promotes IAA production in colonic lumen of recipient piglets
Dietary protein and dipeptides that escape digestion and absorption in the upper gut will enter the large intestine and undergo further degradation and fermentation by the gut microbiota. 21 IAA is a typical indole derivative generated through catabolism of dietary amino acid tryptophan by the resident microbiota. 22 Moreover, tryptophan can also be metabolized by the enzymes indoleamine 2,3-dioxyge- Figure 8C ]. Although no significant difference was observed in expression of TPH1 and AADC between groups, expression of serotonin transporter VMAT 1 was significantly increased, while expression of IDO1 also had a trend to increase in the FMT group [ Figure 8C ].
Functional metagenomics prediction and correlation analysis of gut bacteria to selected metabolic processes
To directly demonstrate that FMT-induced microbial changes could modulate the metabolic function of gut microbiota, we conducted functional metagenomics prediction of gut microbiota based on 16S rRNA gene sequencing using the PICRUSt and a total of 328 KEGG pathways were detected in the two groups involved in metabolism, cellular processes, environmental information processing, genetic information processing, etc. [Supplementary and Supplementary Figure S4] . Moreover, 'lipopolysaccharide biosynthesis proteins' showed a trend to decrease, while 'Notch signaling pathway' and 'Wnt signaling pathway' showed a trend to increase following FMT [ Figure 9C ]. In addition, LEfSe analysis also indicated a significant increase of predictive function 'biosynthesis of unsaturated fatty acids' and decrease of 'lipopolysaccharide biosynthesis' in the FMT group [ Figure 9D , E]. Spearman's correlation analysis further indicated that ten genera from the phyla Bacteroidetes, Proteobacteria, Actinobacteria, Thaumarchaeota, Verrucomicrobia and Planctomycetes were positively correlated with 'indole alkaloid biosynthesis', 'cytochrome P450', 'Notch signaling pathway' and 'Wnt signaling pathway', as well as cellular processes including 'tight junction' and 'adherens junction' [Supplementary Figure S5] . Meanwhile, Gp3 from the phylum Acidobacteria and Ignavibacterium from the phylum Ignavibacteriae were negatively correlated with 'bacterial toxins' [Supplementary Figure S5 ]. In addition, nine genera from the phylum Bacteroidetes together with four genera from the phylum Firmicutes and one genus from the phylum Actinobacteria were positively correlated with 'lipopolysaccharide biosynthesis proteins', while Mogibacterium from the phylum Firmicutes and Ralstonia from the phylum Proteobacteria were negatively correlated with 'lipopolysaccharide biosynthesis proteins' [Supplementary Figure S5 ].
FMT up-regulated the production of cytokine IL-22 and enhanced the activation of AhR in the colonic mucosa of recipient piglets
Our results suggested that the reduced susceptibility to LPS-induced impairment of epithelial integrity and severe inflammatory responses in the recipient piglets was associated with an increased level of the tryptophan metabolite IAA in the colon contents. One underlying mechanism that could link these effects is the modulation of IL-22 production in the colonic mucosa [ Figure 10A] . 22, 24 Our data showed that the relative mRNA expressions of IL-22 together with the IL-22 target gene [transcription-factor-encoding gene Fos] were significantly increased following FMT [ Figure 10B ]. As IL-22 performs its biological functions through the 'IL-22-IL-22 receptor [IL-22R]' pathway, 25 we also explored expression of IL-22R (IL-22 receptor, alpha 1 [IL-22RA1]) between groups. Consistent with the increased production of IL-22, FMT also promoted IL-22RA1 expression in the colonic mucosa of recipient piglets [ Figure 10B ]. Moreover, the increased expressions of IL-22 and IL-22R were further confirmed at the protein level by western blot [ Figure 10C ].
AhR is a ligand-dependent transcription factor in the gastrointestinal tract. 26 Upon ligand stimulation, AhR in the gut mucosa can dimerize with aryl hydrocarbon receptor nuclear translocator [Arnt] and induce transcription of many target genes, which lead to enhanced IL-22 production in the intestine. [26] [27] [28] Our results showed that the expressions of AhR and its partner Arnt were increased at both the transcriptional and the protein level following FMT [ Figure 10D , E]. Interestingly, the expression of an AhR target gene, Cytochrome P450, family 1, member A1 [CYP1A1], was significantly reduced in the FMT group, while no significant difference was observed in the expressions of Cytochrome P450, family 1, member A2 [CYP1A2] and Cytochrome P450, family 1, member B1 [CYP1B1] [ Figure 10D ]. As IL-23 produced by intestinal macrophages and dendritic cells is involved in the stimulation of innate IL-22 secretion in the intestine, 24 we also explored IL-23 (IL-23 subunit alpha [IL-23A]) expression in the colonic mucosa and found no significant difference between groups [ Figure 10F ].
Discussion
In the present study, we used a piglet model together with a combination of multi-omics approaches to explore whether FMT-induced alteration in metabolic function of gut microbiota participates in the regulation of the gut physiological function and immune responses. To our knowledge, this is the first study to investigate the underlying mechanisms between exogenous faecal microbiota intervention and modulation of the intestinal barrier from the perspective of the metabolic function of gut microbiota in the recipient.
Studies have shown that FMT can modulate the diversity and structure of gut microbiota in the recipient intestine using mice or piglet models. 8, 29 Although no significant difference was observed in microbial abundance [Chao1] and diversity index [Shannon] between faecal microbiota-intervened piglets and control at the OTU level, 8 our present study showed that Chao1, ACE and Simpson indices of gut microbiota in the recipient were significantly increased following FMT at the class and order levels, suggesting that FMT could improve α-diversity of gut microbiota at specific taxonomic levels. Regarding structural changes of the microbial community, a previous study showed that FMT could significantly reverse dextran sodium sulfate [DSS]-induced increased quantity of invasive E. coli and decreased quantity of probiotic bacteria Bifidobacterium in mice. 29 In our present study, the phylum Firmicutes was increased while Bacteroidetes was reduced following FMT, consistent with our previous study. 8 At the genus level, our previous study showed significant increases of Prevotella, Oscillospira and CF231 and a decrease of Bacteroides in the recipient. 8 In our present study, however, 21 genera including Micromonospora, Adhaeribacter and Arenimonas were increased and 18 genera including Bacteroides, Clostridium IV and Ruminococcus were decreased in the FMT group. The differences between the present study and our previous report could possibly be due to the different taxonomic levels for calculating the diversity indices of gut microbiota and different statistical analysis used to identify biomarker taxa in the study. Collectively, α-diversity and structure of microbial community were altered following FMT in the recipient, which established the foundation for follow-up metabolomic analysis of gut microbiota. We previously noted that the morphology of the small intestine together with relative expressions of tight junction proteins [ZO-1
and Occludin], mucin [Muc2] and antimicrobial peptide [AMP] β-defensin 2 in the ileum and colon of the recipient piglets were increased following FMT. 8 Herein, we used a piglet model challenged with LPS to examine the response of the gut epithelial barrier and the immune system to LPS-induced intestinal injury. The results showed that early-life gut microbiota intervention by FMT could improve colonic morphology when challenged with LPS, as indicated by a significant increase of crypt depth/tissue thickness ratio as well as the increased height and quantity of microvilli of the recipient colon. The epithelial barrier of the intestine consists of epithelial cells and intercellular junction proteins which can play vital roles in preventing the translocation of enteric flora, antigens and toxic substances into the intestinal tissue. 9 Disruption of the epithelial barrier is associated with abnormal intestinal morphology. 10, 30 In the present study, epithelial recovery was enhanced and relative expressions of tight junction and adherens junction proteins were increased by FMT in LPS-challenged piglets, which was consistent with the improved colonic morphology observed. As chemokines and cytokines are involved in the regulation of the intestinal homeostasis, 30 we also explored the impact of FMT on immune responses in recipient piglets challenged with LPS. Previous studies showed that gut microbiota intervention could alleviate DSSinduced inflammatory responses in the recipient, as indicated by significantly decreased production of inflammatory cytokines including IL-1β, IL-6 and IFN-γ. 29 In our present study, FMT diminished the increased expressions of pro-inflammatory cytokines IL-1β, IL-6, TNF-α and IFN-γ and chemokine Mcp-1 induced by LPS. Moreover, relative expression of the anti-inflammatory cytokine TGF-β1 was significantly increased by FMT in LPS-challenged piglets. It is known that TGF-β has remarkable effects on epithelial recovery, cell differentiation and the attenuation of inflammatory process, [31] [32] [33] while TGF-β1 deficiency could lead to dysfunction of the immune system and severe IBD. 34 The increased expression of TGF-β1 was also consistent with the enhanced epithelial recovery and alleviation of inflammatory cytokines in the recipient colon. Overall, our data suggested that FMT can decrease the susceptibility to LPS-induced destruction of epithelial integrity and inflammatory responses in the colon of recipient piglets
To explore the connection between FMT-induced microbial changes and modulation of the intestinal physiological function, we used multiple MS platform-based untargeted metabolomic analysis to determine the functional changes of the gut microbiota. It was reported that structural changes of the gut microbiome further modulated the intestinal metabolome, which could be reflected by the alterations in microbiota-and host-derived metabolites.
14 In the present study, the metabolomic profile in colonic lumen of the recipient significantly differed from that of the control, which was consistent with the alteration of the microbial community. Among all the 40 biomarker metabolites identified by multivariate statistical analysis, we noted that one of microbiota-derived tryptophan metabolites, IAA, was significantly increased following FMT. Moreover, metabolite set enrichment analysis also demonstrated that tryptophan metabolism was the most significantly affected metabolic pathway between groups, suggesting that tryptophan metabolism in the recipient might be modulated by FMT. Specific bacteria in the host intestine can catabolize dietary tryptophan into indole derivatives, such as IAA and IAId. 35 Previous studies have indicated that these indole derivatives produced by gut microbiota are critical for the integrity of the intestinal barrier and mucosal protection from inflammation, leading to improvement of gut health. 12, 22, 35 Lamas et al. also found that tryptophan metabolism is impaired in the gut of individuals with IBD, as indicated by significantly decreased level of microbiota-derived IAA and increased level of host-derived Kyn in the colonic lumen. 23 Therefore, to further confirm the alteration of IAA production detected by the untargeted metabolomic analysis, we used a targeted metabolomic approach to quantify tryptophan metabolism-associated metabolites [tryptophan, IAA, IAId, Kyn and 5-HT]. Our data showed that the concentration of IAA in the colon of recipient piglets was significantly higher than that of the control, which was consistent with the untargeted metabolomic analysis. Although host-derived tryptophan catabolites Kyn and 5-HT were undetectable in the colonic contents of the two groups, we found higher expression of the 5-HT transporter VMAT 1 in the colonic mucosa of the FMT group. In addition, Kyn-producing enzyme IDO1 also had a trend to increase following FMT. It was reported that alteration in gut microbiota might further impact the tryptophan metabolic process of the host, as indicated by increased production of microbiota-derived tryptophan catabolites and a reduced 5-HT level. 13 Collectively, our data probably reflect enhancement of tryptophan metabolic function of gut microbiota and subsequent compensatory promotion of the tryptophan metabolic process in the host cells following FMT.
To further confirm the alteration in metabolic function of the gut microbiota, we performed functional metagenomics prediction analysis based on the result of 16S rRNA gene sequencing using PICRUSt. We observed significantly higher proportions of bacteria related to 'indole alkaloid biosynthesis' and 'cytochrome P450' in the FMT group. As an important class of indole alkaloids, IAA can be produced by the conversion of tryptophan in plants, fungi and bacteria and cytochrome P450 can play a vital role in this process. 36, 37 These data derived from functional prediction analysis were consistent with the significantly increased level of IAA detected by targeted metabolomic analysis, suggesting that tryptophan metabolic function of gut microbiota might be modulated by FMT. In addition, 'bacterial toxins' and 'lipopolysaccharide biosynthesis' were significantly reduced in the FMT group, while KEGG pathways including 'Notch signaling pathway' and 'Wnt signaling pathway' showed a trend to increase and 'lipopolysaccharide biosynthesis proteins' showed a trend to decrease following FMT. Bacterial toxins and LPS in the gastrointestinal tract are known to be harmful for the maintenance of physiological homeostasis. 38 Moreover, the Wnt signaling pathway is known to play vital roles in supporting Lgr5 + crypt base stem cells and epithelial maintenance in the gastrointestinal tract and is required for intestinal homeostasis. 39, 40 These alterations in predictive functions were also consistent with the improvement of intestinal epithelial integrity following FMT. Spearman's correlation analysis further indicated that 'indole alkaloid biosynthesis', 'cytochrome P450', 'Notch signaling pathway', 'Wnt signaling pathway' as well as cellular processes including 'tight junction' and 'adherens junction' were positively correlated with ten genera predominantly from the phyla Bacteroidetes, Proteobacteria, Actinobacteria, Thaumarchaeota, Verrucomicrobia and Planctomycetes. Interestingly, members of the phylum Actinobacteria are important bacteria with tryptophan-catabolizing functions and can produce bioactive compounds including IAA, 23, 41 suggesting that the genus Micromonospora might play a key role in the increased production of IAA and future studies are required to determine the biological function of this genus together with the other nine genera identified in the correlation analysis.
As indole derivatives can contribute to maintenance of the mucosal barrier and protection against inflammation by regulating the 'AhR-IL-22' axis, 22, 28 we further explored whether production of the cytokine IL-22 together with the expression of transcription factor AhR in the colonic mucosa were affected by FMT. IL-22, primarily produced by type 3 innate lymphoid cells [ILC3s] , is an important cytokine from the IL-10 family and can play vital roles in mediating intestinal tissues and in the immune system of the host. 24, 27, 42 Previous studies have indicated that IL-22 can stimulate proliferation of epithelial cells, drive the production of AMPs and ameliorate DSS-induced colitis, supporting a role of IL-22 in maintenance of the epithelial barrier, host defence response and anti-inflammation. 12, 24, 28 AhR is a ligand-dependent transcription factor that can be activated by xenobiotics or endogenous ligands, including tryptophan catabolites IAA and IAId. 22, 26 In addition, AhR activation is required for the development and function of IL-22-producing ILCs and CD4 + helper T cells and is essential for innate IL-22 expression in the gut mucosa. [26] [27] [28] 43 Our results showed that FMT significantly increased the production of IL-22 as well as the expression of transcription factor AhR in the recipient colon, indicating that the increased IAA level induced by FMT might contribute to the improvement of intestinal physiological function by regulating the 'AhR-IL-22' axis in the colonic mucosa of the recipient piglets. In addition, Notch signalling can play vital roles in AhR-dependent IL-22 production in the gut mucosa. 26, 43, 44 The increased production of IL-22 and enhanced activation of AhR in the colonic mucosa were also consistent with an increased proportion of the metabolic function 'Notch signaling pathway' detected by functional metagenomics prediction analysis. However, regulation of the 'AhR-IL-22' axis as well as additional molecular mechanisms between the alteration of the gut metabolome by FMT and the maintenance of intestinal homeostasis in the recipient colon remain to be further revealed and confirmed in future studies to precisely demonstrate the essential role of metabolic function of gut microbiota in the therapeutic effect of FMT.
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